Introduction
============

Hepatocellular carcinoma (HCC) is the third most frequent cause of tumor-related deaths in People's Republic of China.[@b1-ott-11-4451],[@b2-ott-11-4451] Due to the high metastatic potential of HCC,[@b3-ott-11-4451],[@b4-ott-11-4451] progression is found iñ70% of patients within 1 year of diagnosis, and it is difficult to treat patients with advanced HCC.[@b5-ott-11-4451],[@b6-ott-11-4451] Metformin (1,1-dimethylbiguanide), which is commonly used as an oral antihyperglycemic agent of the biguanide family, may reduce cancer risk and improve prognosis.[@b7-ott-11-4451] Previous studies have demonstrated that metformin could inhibit HCC angiogenesis and invasion and that it enhances the chemosensitivity to chemotherapeutics.[@b8-ott-11-4451]--[@b11-ott-11-4451] However, the underlying mechanisms have not been elucidated until now.

MicroRNAs (miRNAs) are a novel class of short, noncoding RNAs involved in posttranscriptional gene regulation by binding to the target site in the 3′-untranslated region (3′-UTR) of target mRNAs.[@b12-ott-11-4451] The role for miRNAs in carcinogenesis, development, and progression of HCC has been well established. MiR-378 has been reported to be related to cell survival, tumor growth, and angiogenesis.[@b13-ott-11-4451],[@b14-ott-11-4451] miR-378 inhibits hepatocyte proliferation during liver regeneration.[@b15-ott-11-4451] Furthermore, metformin affected miR-378 expression in HCC.[@b16-ott-11-4451] However, whether metformin has antitumor effects on HCC cells through regulating miR-378 expression remains unknown and needs to be studied.

In this study, we explored the molecular mechanisms underlying the antitumor function of metformin on HCC. Interestingly, we found that metformin significantly inhibited the proliferation of HCC cells by upregulating miR-378 and downregulating CDK1 expression, which indicated that miR-378/CDK1 axis may be a potential target for HCC therapy.

Materials and methods
=====================

Cell culture and stimulation with metformin
-------------------------------------------

Human HCC cell lines HepG2 and Hep3B were purchased from the American Type Culture Collection (Shanghai, People's Republic of China). The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen) and antibiotics. Cultured cells were maintained in a humidified incubator containing 5% CO~2~ at 37°C. Cells were stimulated with metformin (Sigma-Aldrich, St Louis, MO, USA), dissolved in dimethyl sulfoxide (DMSO) at a final concentration of 0.5, 5, 50, and 500 mM. As a control, cultured cells were incubated in complete DMEM medium containing DMSO at a final concentration of \<0.1%.

Cell transfection
-----------------

miR-378 mimics and negative control (NC) were obtained from Shanghai GenePharma (Shanghai, People's Republic of China). To evaluate the functions of miR-378 in HepG2 and Hep3B cells, cells were transfected with miR-378 mimics or NC using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's protocol. Subsequent to transfection at 37°C for 4 h, cell culture medium was replaced with DMEM medium containing 10% fetal bovine serum. The in vitro transfection efficiency (\~75%) was measured by using carboxyfluorescein-labeled NC microRNA (data not shown).

CCK-8 assay
-----------

Cell proliferation was performed with Cell Counting Kit-8 (Dojindo, Tokyo, Japan). According to the instructions, CCK-8 reagent was added at 0, 24, 48, and 72 h, respectively, after seeding 4×10^3^ cells per well into 96-well plates and transfecting with miR-378 control or mimics, and incubating at 37°C for 2 h. The OD 450 nm value was detected by using a microplate reader (Bio-Rad, Hercules, CA, USA).

Cell cycle assay
----------------

For the cell cycle study, cells were stimulated with metformin at a final concentration of 50 mM for 24 h. Cells were stained by using BD Pharmingen™ Cell Cycle Kit (BD Biosciences, San Jose, CA, USA) according to manufacture-supplied protocols (propidium iodide \[PI\]/RNase). Flow cytometry was performed using a BD FACSCalibur™ flow cytometer (BD Biosciences) and data were analyzed using MODIFIT software (Becton Dickinson). The experiment was performed in triplicate, and a representative experiment is shown.

Apoptosis
---------

Apoptosis was assayed in control and treated cells with an Annexin V assay kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, 2×10^5^ cells were harvested after treatment. Annexin V-FITC and PI were added. The reaction was stopped by adding 300 μL of 1× binding buffer, and labeled cells were analyzed by flow cytometry with a FACSCalibur (BD Bioscience).

Real-time PCR
-------------

Total RNA was extracted from HCC cell lines HepG2 and Hep3B using the TRIzol method (Invitrogen). Then, reverse transcription was performed by using the reverse-transcriptase kit (Takara, Tokyo, Japan) according to the manufacturer\'s protocol. RT-PCR was performed using a SYBR premix Ex Taq kit (Takara) on a 7300 Real-time PCR system (Thermo Fisher Scientific) according to the manufacturer's protocol. The miR-378 and U6 primer sequences used were obtained from Shanghai GenePharma. CDK1 forward, 5′-GGTTCCTAGTACTGCAATTCG-3′ and reverse, 5′-TTTGCCAGAAATTCGTTTGG-3′; and GAPDH forward, 5′-TGACTTCAACAGCGACACCCA-3′ and reverse, 5′-CACCCTGTTGCTGTAGCCAAA-3′. The relative expression level was calculated using the 2^−ΔΔCt^ method. U6 small nuclear RNA and GAPDH were used as an internal control. Each sample was analyzed in triplicate.

Western blotting analysis
-------------------------

The protein contents of CDK1 and β-actin in HCC cells were detected by performing immunoblotting. We lysed cultured or transfected cells in RIPA buffer with 1% phenylmethylsulfonyl fluoride and loaded the protein onto an SDS-PAGE and transferred them onto polyvinylidene difluoride membrane. After probing with the antibodies for CDK1 (Cat\# A17, Abcam, Cambridge, MA, USA) and β-actin (\#4967, CST, Danvers, MA, USA) at 4°C overnight, the blots were then incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000). Enhanced chemiluminescence substrates were used to visualize signals (Thermo Fisher Scientific). β-actin was used as an endogenous protein for normalization.

Nude mice model
---------------

The animal experiments were approved by the Committee on Animal Care of the First Affiliated Hospital of Nanjing Medical University and were conducted according to NIH Guidelines for the Care and Use of Laboratory Animals. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals. Nude mice were purchased from the Vital River Laboratories (Beijing, People's Republic of China). A total of 6×10^6^ HepG2 cells were transfected with miR-378 mimics or NC. Cells were cultured for 24 h before harvest for transplantation into the animal. Before injection, cells were pooled and mixed with Matrigel (BD Biosciences). A total of 3×10^6^ cells were injected subcutaneously into the left flank of nude mice. Tumor volumes were calculated using the formula V = length × width \^2/2. The animals were sacrificed 4 weeks after injection. Pictures were recorded with a Nikon d800 digital camera (Nikon, Tokyo, Japan).

Dual-luciferase reporter assay
------------------------------

A Dual-Luciferase Reporter assay was performed to explore whether CDK1 was a direct target of miR-378. Cells were transfected with miR-378 mimics or NC, and cotransfected with pGL3-CDK1-3′UTR wild-type or pGL3-CDK1-3′UTR mutant using Lipofectamine 2000. Following incubation at 37°C for 24 h, a Dual-Luciferase Reporter assay (Promega Corporation, Madison, WI, USA) was performed to detect Firefly and Renilla luciferase activity according to the manufacturer's protocol. Renilla luciferase activity was measured as an internal control. Each experiment was repeated at least 3 times.

Statistical analysis
--------------------

Data in the bar graphs are presented as mean ± SD. All the statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA). All the data were analyzed by unpaired Student's *t*-test and *P*\<0.05 was considered to be statistically significant.

Results
=======

Metformin inhibited HCC cell proliferation accompanied with the alteration of CDK1 and miR-378 expression
---------------------------------------------------------------------------------------------------------

To determine the effects of metformin on the proliferation of HCC cells, CCK-8 assay was performed on HCC cells HepG2 and Hep3B with metformin (0.5, 5, 50, and 500) treatment. The results showed that the proliferation of HCC cells was significantly inhibited by metformin at 50 and 500 mM ([Figure 1A](#f1-ott-11-4451){ref-type="fig"}). Therefore, we treated HCC cells with metformin at 50 mM in our study. To investigate the mechanism responsible for the growth inhibition caused by metformin, cell cycle distribution was determined by flow cytometry analysis. After metformin treatment for 24 h, the percentage of HCC cells in the G2/M phase increased (9.3%--22.8%; 6.5%--17.3%) compared to the control ([Figure 1B](#f1-ott-11-4451){ref-type="fig"}). This cell cycle delay may be responsible for suppression of cell proliferation. Moreover, we found that the expression of CDK1 was obviously downregulated when the HCC cells were treated with metformin ([Figure 1C](#f1-ott-11-4451){ref-type="fig"}), while the expression of miR-378 was substantially increased ([Figure 1D](#f1-ott-11-4451){ref-type="fig"}). To examine the cell apoptosis caused by metformin, cell apoptosis was determined by Annexin V/PI staining and flow cytometry assays. After metformin treatment for 24 h, the apoptosis rate of HCC cells was increased compared to the control ([Figure 1E](#f1-ott-11-4451){ref-type="fig"}).

Overexpression of miR-378 inhibited HCC cell proliferation
----------------------------------------------------------

To explore the function of miR-378 in the regulation of cell proliferation, miR-378 mimics was transfected into human HCC cell lines HepG2 and Hep3B. MiR-378 expression was upregulated with miR-378 mimic transfection at 24, 48, and 72 h compared to the NC, determined by RT-PCR ([Figure 2A](#f2-ott-11-4451){ref-type="fig"}). The effect of miR-378 expression on cell proliferation was evaluated by CCK-8 assay. Overexpression of miR-378 by miR-378 mimic transfection reduced the proliferation capacity of HepG2 and Hep3B cells, as compared with those treated with NC ([Figure 2B](#f2-ott-11-4451){ref-type="fig"}). To investigate the mechanism responsible for the growth inhibition caused by miR-378, cell cycle distribution was determined by flow cytometry analysis. After miR-378 mimic transfection for 24 h, the percentage of HCC cells in the G2/M phase increased (8.7%--20.4%; 6.5%--17.9%) compared to the control ([Figure 2C](#f2-ott-11-4451){ref-type="fig"}). The repression of cell proliferation may also due to cell cycle arrest.

The CDK1 3′-UTR is a direct target for miR-378
----------------------------------------------

A target miRNA prediction website (<http://www.mirbase>. org) and the luciferase reporter assay showed that there was a binding site between miR-378 and CDK1 ([Figure 3A and B](#f3-ott-11-4451){ref-type="fig"}). RT-PCR analysis showed that miR-378 mimic transfection reduced CDK1 mRNA expression compared with transfection with the NC in HepG2 and Hep3B cells ([Figure 3C](#f3-ott-11-4451){ref-type="fig"}). Western blotting analysis showed that CDK1 protein expression decreased in HepG2 and Hep3B cells after miR-378 mimic transfection compared with NC ([Figure 3D](#f3-ott-11-4451){ref-type="fig"}). Taken together, these results suggested that CDK1 was the target gene of miR-378 and the expression of CDK1 was inhibited by miR-378 in HCC cells.

Overexpression of miR-378 inhibited tumor growth in xenograft models of HCC
---------------------------------------------------------------------------

For further verification, we next evaluated tumor growth of xenografts derived from HepG2 cells that were transfected with miR-378 mimics or NC by subcutaneous injection into nude mice. We found that tumor growth suppression was abrogated in HCC cells xenografts where miR-378 was overexpressed ([Figure 4A and B](#f4-ott-11-4451){ref-type="fig"}). RT-PCR analysis showed that miR-378 expression was increased in the tumor tissues of miR-378 mimic group compared with that of the control group ([Figure 4C](#f4-ott-11-4451){ref-type="fig"}). Western blotting analysis showed that CDK1 protein expression was decreased in the tumor tissues of miR-378 mimic group compared with that of control group ([Figure 4D](#f4-ott-11-4451){ref-type="fig"}). Taken together, we concluded that miR-378 inhibited HCC cell proliferation in vitro and in vivo.

Metformin inhibited CDK1 expression and cell proliferation via promoting miR-378 level in HCC cells
---------------------------------------------------------------------------------------------------

In order to determine whether metformin inhibited CDK1 expression and cell proliferation via promoting miR-378 level in HCC cells, the CDK1 expression and cell proliferation were examined in HepG2 cells after miR-378 inhibitor transfection for 12 h and metformin pre-treatment for 24 h. The miR-378 inhibitor reversed the decreasing expression of CDK1 caused by metformin in HepG2 cells ([Figure 5A](#f5-ott-11-4451){ref-type="fig"}). Similarly, the inhibition of cell proliferation caused by metformin treatment was also reversed by miR-378 inhibitor in HepG2 cells ([Figure 5B](#f5-ott-11-4451){ref-type="fig"}). To confirm whether the repression of cell proliferation was due to G2/M cell cycle arrest, cell cycle distribution was determined by flow cytometry analysis. Certainly, the miR-378 inhibitor blocked G2/M arrest (19%--10.4%) caused by metformin in HepG2 cells ([Figure 5C](#f5-ott-11-4451){ref-type="fig"}). To examine the effects of metformin-induced cell apoptosis on the repression of cell proliferation, cell apoptosis was determined by Annexin V/PI staining and flow cytometry assays. However, the miR-378 inhibitor could not inhibit metformin-induced cell apoptosis ([Figure 5D](#f5-ott-11-4451){ref-type="fig"}). Taken together, the findings demonstrated that metformin inhibited CDK1 expression and cell proliferation via increasing miR-378 expression in HCC cells.

Discussion
==========

HCC has become one of the most frequently occurring malignancies worldwide, but effective treatment options for HCC are limited.[@b17-ott-11-4451] Recently, metformin has been shown to exert anti-neoplastic effects in many cancer cells including cancers of the breast, liver, colon, pancreas, and skin.[@b18-ott-11-4451]--[@b20-ott-11-4451] Moreover, recent clinical data suggests that metformin impacts the miRNA profile in cancer. The anticancer activity of metformin is mediated through a direct regulation of miRNAs, which further modulates several downstream genes in metabolic or preoncogenic pathways.[@b21-ott-11-4451] For example, metformin targets miRNA-222 in inhibiting lung cancer proliferation.[@b7-ott-11-4451] Metformin targets miRNA-145 and miRNA-21 in treating recurrent colon cancer.[@b22-ott-11-4451] Metformin targets miRNA-193b in treating triple-negative breast cancer.[@b23-ott-11-4451] Metformin targets miRNA-26 through suppressing HMGA1 oncogene in treating human pancreatic cancer.[@b24-ott-11-4451] Furthermore, animal studies have shown that metformin appears to have a direct anti-HCC effect.[@b25-ott-11-4451]

In this study, we evaluated the effects of metformin on the behavior of human HCC cells and found that met-formin inhibited cell proliferation of HepG2 and Hep3B cells. Additionally, the molecular mechanism of cell proliferation suppression was associated with the cell cycle signal transduction system. Cell cycle analysis revealed that metformin caused significant delay of the G2/M transition. However, other studies have demonstrated that metformin in combination with curcumin inhibits the growth, metastasis, and angiogenesis of HCC.[@b11-ott-11-4451] Metformin is a promising therapeutic agent for the elimination of tumor-initiating HCC cells.[@b26-ott-11-4451] However, the molecular mechanisms of its anti-HCC activities remain poorly understood and warrant further investigation. Therefore, we examined the effect of metformin on miR-378 and CDK1 expression and found that metformin efficiently decreased protein expression of CDK1 and elevated the expression of miR-378. It has been reported that miR-378 may be a tumor suppressor in HCC.[@b27-ott-11-4451] Interestingly, miR-378 also inhibited HCC cell proliferation via inducing G2/M cell cycle arrest. Furthermore, we demonstrated that a direct interaction between miR-378 and the CDK1 3′UTR by luciferase assay and overexpression of miR-378 caused a significant downregulation of both CDK1 mRNA and protein levels. In addition, overexpression of miR-378 inhibited tumor growth in xenograft nude mice models of HCC in vivo.

Therefore, we proposed that metformin inhibiting the proliferation of HCC cells might be associated with modulating miR-378/CDK1 axis. To clarify the mechanism involved in the suppression of metformin on HCC cells, we used an miR-378 inhibitor to reduce miR-378 level in metformin-treated HCC cells. With miR-378 inhibitor transfection, metformin treatment could not decrease CDK1 expression, suppress HCC cell proliferation, and induce G2/M cell cycle arrest. Inhibitor assays indicated that metformin-suppressed HCC cell proliferation was dependent on the inhibitory effect of miR-378 on CDK1 expression.

Collectively, the current results provide the first evidence, to our knowledge, that miR-378/CDK1 axis is involved in metformin modulating the proliferation of HCC cells, which suggests a novel molecular mechanism underlying the therapeutic effect of metformin on HCC.
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![Metformin inhibited HCC cell proliferation accompanied by the change of CDK1 and miR-378 expression.\
**Notes:** (**A**) HepG2 and Hep3B cells were treated with metformin (0.5, 5, 50, and 500 mM) for 72 h. The CCK-8 assay showed that metformin inhibited the proliferation of HepG2 and Hep3B cells with metformin treatment. Absorbance at 450 nm was measured at 24, 48, and 72 h. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**B**--**E**) HepG2 and Hep3B cells were treated with metformin (50 mM) for 24 h. (**B**) Cell cycle assay showed that metformin caused G2/M arrest of HepG2 (9.3%--22.8%) and Hep3B (6.5%--17.3%) cells with metformin treatment. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**C**) Western blotting assay showed that CDK1 expression was decreased in HepG2 and Hep3B cells with metformin treatment. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**D**) Real-time PCR analysis showed that miR-378 expression was increased in HepG2 and Hep3B cells with metformin treatment. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**E**) Cell apoptosis assay showed that metformin caused cell apoptosis of HepG2 and Hep3B cells with metformin treatment. Data are expressed as mean ± SD, n=3, \**P*\<0.05.\
**Abbreviation:** CCK-8, Cell Counting Kit-8.](ott-11-4451Fig1){#f1-ott-11-4451}

![Overexpression of miR-378 inhibited HCC cells proliferation in vitro.\
**Notes:** (**A**) We transfected cells with miR-378 mimics and NC for 24, 48, and 72 h, and detected the transfection efficacy by real-time PCR. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**B**) Growth curves of HepG2 and Hep3B cells after transfection with miR-378 mimics or NC were determined by CCK-8 assays. R Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**C**) Cell cycle assay showed that miR-378 caused G2/M arrest of HepG2 (8.7%--20.4%) and Hep3B (6.5%--17.9%) cells. Data are expressed as mean ± SD, n=3, \**P*\<0.05.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; HCC, hepatocellular carcinoma; NC, negative control.](ott-11-4451Fig2){#f2-ott-11-4451}

![MiR-378 directly inhibited the expression of CDK1 through targeting its 3′UTR.\
**Notes:** (**A** and **B**) A target miRNA prediction website and Dual-Luciferase Reporter assay showed the binding site between miR-378 and CDK1. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**C** and **D**) Upregulated expression of miR-378 reduced both the CDK1 mRNA and protein levels. Data are expressed as mean ± SD, n=3, \**P*\<0.05.\
**Abbreviations:** NC, negative control; MUT, mutant; WT, wild-type.](ott-11-4451Fig3){#f3-ott-11-4451}

![Overexpression of miR-378 inhibited tumor growth in vivo.\
**Notes:** (**A**) HepG2 cells were transfected with miR-378 mimics or NC and injected subcutaneously into 12 nude mice in the flank region. Surgical resections of HepG2 xenograft tumors on week 4 are shown. (**B**) Measurements of tumor volumes were taken weekly. Data are expressed as mean ± SD, \**P*\<0.05. (**C**) Real-time PCR assay showed that miR-378 expression was increased in the tumor tissues of miR-378 mimic group. Data are expressed as mean ± SD, n=4, \**P*\<0.05. (**D**) Western blotting assay showed that CDK1 expression was decreased in the tumor tissues of miR-378 mimics group. Data are expressed as mean ± SD, n=4, \**P*\<0.05.\
**Abbreviation:** NC, negative control.](ott-11-4451Fig4){#f4-ott-11-4451}

![Metformin inhibited CDK1 expression and cell proliferation via promoting miR-378 level in HCC cells.\
**Notes:** HepG2 cells were pretreated with miR-378 inhibitor. After 12 h, cells were then treated with metformin (50 mM) for 24 h. (**A**) Western blotting assay showed that decreased CDK1 expression caused by metformin treatment was reversed by miR-378 inhibitor in HepG2 cells. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**B**) The CCK-8 assay showed that the inhibition of cell proliferation caused by metformin treatment was reversed by miR-378 inhibitor in HepG2 cells. Absorbance at 450 nm was measured. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**C**) Cell cycle assay showed that G2/M arrest caused by metformin treatment was reversed by miR-378 inhibitor in HepG2 (19%--10.4%) cells. Data are expressed as mean ± SD, n=3, \**P*\<0.05. (**D**) Cell apoptosis assay showed that metformin caused cell apoptosis of HepG2 cells could not be inhibited by miR-378 inhibitor. Data are expressed as mean ± SD, n=3, \**P*\<0.05.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; HCC, hepatocellular carcinoma.](ott-11-4451Fig5){#f5-ott-11-4451}
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